Novel microwave phase shifters consisting of coupled microstriplines on thin ferroelectric films have been demonstrated recently. A theoretical model useful for predicting the propagation characteristics (insertion phase shift, dielectric  loss, impedance, and bandwidth) is presented here. The model is  based on a variational solution for line capacitance and coupled strip transmission line theory.
INTRODUCTION
It is well known that the permittivity of fcrroelcctric material can be modified by application of a dc electric field.
Recently, microwave phase shifters have been demonstrated that used thin ferroelectric films and superconducting or normal metal coupled microstrip lines that also served as biasing electrodes [1] [2] [3] . The insertion loss of these Ku-and K-band phase shifters was substantially better than their semiconductor microwave integrated circuit counterparts.
More than 400°of continuous phase shift with about 4 dB loss at 77 K was obtained using YBazCu307__ electrodes and the incipient ferroelectric SrTiO3, sequentially deposited onto 0.25 mm thick LaAIO3 substrates. An insertion loss of about 5 dB was obtained from a similar design using gold electrodes and Ba_SrM_xTiO3 films on LaAIO3 at room temperature. The films were grown by pulsed laser ablation.
An intriguing possibility is the combination of ferroelectrics and ferromagnetics to allow control of both capacitance and inductance for tuning while maintaining nearly constant impedance [4, 5] .
These simple phase shifters enable a new type of phased array antenna called a ferroelectric refiectarray [6, 7] . A reflectarray antenna combines the best features of a gimbaled parabolic dish (i.e., high efficiency and low cost) and a direct radiating array (e.g., vibration-free scanning). It consists of a surface of printed elements illuminated by a radiating feed. A sketch of the cross-section is shown in Fig. 1 .
By concentrating the fields in the odd mode, the phase shift per unit length is maximized and by using the film in thin film form the effects of high loss tangent are minimized. The charge distribution p(x,y) for the even and odd mode excitations was assumed to have the form:
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where A_.,, are constants derived by maximizing the even (e) and odd (o) mode capacitance [I 1]. That is, a trial function that maximizes capacitance yields the most accurate result. It is an attribute of the variational method that the trial function for the charge distribution does not have to be known precisely a priori in order to evaluate capacitance. The variational approach is only valid for electrically thin stratified substrates.
But since the coupling to surface waves represents an operational limit, it is appropriate for practical microwave applications.
The limit was analyzed in [7]. In the even mode currents in the strips are equal in amplitude and flowing in the same direction. In the odd mode currents in the strips are equal in amplitude but flow in opposite directions. So, ZO¢is the characteristic impedance of one strip to ground with equal currents in the same direction and Zoo is the characteristic impedance of one strip to ground with equal currents in opposite directions. (coth(. 'a"h(n ,anh(n [ (coth (n" rt'--_)+ _2 "tanh (n" =" -_)). tanh(n, n. ____) 1 e0"el + e2"_0" (e2 + coth(n.n.__/, tanh(n, n. __)/
where EI = E(V)(1 -j tang(V)).
Finally, the odd mode capacitance becomes: In general, minimum attenuation is obtained when the effect of the ground plane loss is minimized (i.e., in the odd or balanced mode current flows into one strip and returns through the other). Maximum attenuation occurs in the even or unbalanced mode when equal currents flow into both strips and return through ground.
A comparison between the quasi-TEM approximation and a full-wave electromagnetic simulation is given in Table I for microstrip.
The spacing s was allowed to increase just until the even and odd mode capacitance was equivalent. Choosing arbitrarily large values for s yields anomalous results. For coupled strip lines using the superposition of the even and odd modes: Zjl = Z22 = -j/2(Zoe + Zoo) cot0(V) and Zl3 = Z3t = -j/2(Zoc -Zoo) csc0(V) where 0(V) is the voltage dependent electrical length of the coupled lines (i.e., 0(V) = 13(V)C). The characteristic impedance can be expressed as the geometric mean of the even and odd mode impedance such that Zo = (ZoeZoo) 1/2.This is strictly valid only for pure TEM propagation and ignores frequency dependence. However, for a practical geometry with moderate coupling, like that considered here, the expression is appropriate. To facilitate the calculation, In all cases the loss tangent of the host substrate was 0.001 and the loss tangent for the ferroelectric film of thickness h_ was taken as 0.05, 0.028, and 0.005 for el equal to 2500, 1000, and 500, respectively. The net phase shift is 2.2 times greater for the 2 ,am film compared to the 500 nm film. Table III summarizes propagation characteristics for a coupled microstrip section on hz = 0.25 mm LaA103 (_ = 24). The insertion phase is greater because the effective permittivity of the composite structure is substantially greater than that of Table II . But the correlation between phase shift and film thickness is about the same. MTT, vol. 26, pp. 82-87, 1978. 
